The presence of a domain wall trapped by a sub-micron notch is probed in two ways: through electronic transport measurements and by Magnetic Force Microscopy (MFM). We observe complex magnetic features which are consistent with numerical simulations predicting the existence of multiple magnetic configurations stabilized by the notch structure.
Domain walls (DW) play a critical role in much of the current research involving spindependent electronic devices [1, 2, 3, 4, 5, 6] . In the case of a highly constrained DW, extremely large magnetoresistance ratios have been reported [1, 2] . Logic gates based on domain wall motion are being studied [3] . Recently, the movement of trapped DWs via the spin-transfer torque has been experimentally demonstrated in thin films [4, 5, 6] . Although the DW characteristics are key parameters in the aforementioned experiments, only a few theoretical [7, 8, 9] and experimental studies [10, 11] have been devoted to trapped DWs.
In this letter we present an experimental study of trapped DWs. Using a device geometry previously proposed by Ono, et al. [11] and subsequently employed by Grollier, et al. [5] , we demonstrate that multiple stable locations exist for the trapped DW in such devices.
I. SAMPLE PREPARATION AND ELECTRICAL CHARACTERIZATION
Exchange biased spin-valve films consisting of Ta(3)/ NiFe(1.5)/ IrMn(5)/ CoFe(2.5)/ Cu(3)/ CoFe(4)/ NiFe(15)/ Ta(2.5) (thicknesses in nm) were sputtered onto a Si substrate.
To fabricate the devices, we used a combination of e-beam lithography and reactive ion etching to produce a thin carbon hardmask. This mask protected the devices during the Ar ion milling used to etch the spin valve film. A second e-beam step was used to pattern thick Ta/Au leads allowing 4-probe device resistance measurements to be made. The left side of Fig. 1(a) is a schematic plane view of the device. There are two important features: a 50 µm square nucleation pad and a long (100 µm), narrow (0.5 µm) propagation line.
The four gold leads (I+, V+, I-and V-) for measuring the propagation line resistance are also shown. A rectangular notch is positioned one-third of the way along the propagation line (see Fig.1(a) right) . Different notch geometries have been fabricated, varying the notch width (W) from 500 nm to 50 nm.
Typical curves of the propagation line resistance as a function of the applied field (H app ) are shown in Fig.1(b) . The resistance measurements were performed at room temperature using a standard 4-probe technique. The GMR signal is recorded during two different field loops. The first, corresponding to the (− −) curve, is a minor loop during which the magnetization of the CoFe/NiFe bilayer (called free layer in the following) is completely reversed. The minimum and maximum states of resistance correspond respectively to the parallel and antiparallel alignment of the spin-valve magnetizations. Intermediate plateaus at values corresponding to either 1/3 or 2/3 of the total resistance variation are present during the switching of the free layer magnetization. These plateaus indicate the existence of a magnetic configuration in which a DW present in the free layer is trapped at the notch [11] . In order to check the stability of this configuration at remanence, the propagation line resistance has been recorded during a second field loop: the (−o−) curve in Fig. 1(b) .
After preparing the sample in a magnetic state where a DW is trapped in the notch, H app is reversed. Note that the resistance remains at an intermediate level for -20 Oe< H app <+ 3 Oe. So in this field range the DW stays trapped by the notch. To further investigate this specific magnetic configuration, MFM measurements have been performed.
II. RESULTS AND DISCUSSION
Using a commercial Digital Instruments scanning probe microscope equipped with a standard MESP tip, both topographic and MFM measurements were performed at room temperature. No external magnetic field was applied during the MFM scans, and the tipsample separation was 18 nm. The topographic images for four different notch shapes (W= 500, 200, 100 and 50 nm) are denoted "Topo." in Fig. 2 . The depth of the notch is 150 nm for all widths except for samples with W=50 nm where proximity effects in the negative e-beam resist made the notch depth 110 nm. With the electrical characterization technique previously described, we have been able to prepare the free layer of our samples in two different magnetic states at remanence named A and B in the following (see the resistance levels denoted A and B in Fig. 1(b) Figure 3 shows the results of these simulations.
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The absolute value of the reverse field is increased in 20 Oe increments, starting from 60
Oe for simulation (i) and ending at 120 Oe for simulation (iv). Note that the effect of temperature is not taken into account in these simulations, leading to an overestimation of the propagation field values. Depending on the reverse field value, different wall shapes and wall positions can be attained at remanence. So the simulations predict the existence of multiple possible trapped DW positions at remanence. But none of these simulations produces MFM images similar to the observed "bat" shape which our magnetoresistance measurements unambiguously associate with the presence of a trapped DW. Note, however, that the observed "bat" shape may be obtained via a superposition of the different simulated states and of their mirrors. This strongly suggests that the DW is imaged in different positions during the same MFM scan. Hence, the observed "bat" shape likely originates from DW motion induced by the tip. Such motion is not surprising. The effect of MFM tips on micromagnetic configuration was widely studied when the technique was introduced; specifically, DW motion effects induced by MFM tips were observed by Mamin, et al. [13] .
In order to confirm this hypothesis we have performed MFM scans in which we vary the scanning history. Figure 4 shows the results obtained when a DW is present in the free layer for devices with W= 500, 200, 100 nm. The smaller notch case (W= 50 nm) will be discussed later.
Three different scanning procedures have been used; they are named (a), (b) and (c) in the following. Each of them includes two successive scans and the pictures are always recorded during the second scan. The procedure (a) consists in a scan starting from the "bottom" of the device and ending at the "top" of the element immediately followed by a scan performed in the opposite direction (starting from the "top"). During procedure (b) the two successive scans are performed in the same direction from the "bottom" to the "top" part of the device.
For procedure (c) the two successive scans are performed from the "top" to the "bottom". We believe that this is due to weaker pinning in the shallower notch depth realized at this dimension.
In conclusion, stripe shaped spin-valves including a sub-micron notch have been fabricated in order to investigate trapped DWs. Combining micromagnetic simulations, transport, and MFM measurements, we have demonstrated that multiple stable states can be created by the notch. Furthermore, the shape and the stability of the wall appears to be dependent on the trapping position. These results should be taken into account when dealing with spin-dependent electronic devices involving trapped DWs because the magneto-electronic properties can change drastically from one stable position to another. 
